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Motivation
Basic Theory
Recent JET experimejgiss
Mass & momentum Eigisisloig
— Parallel SOL flows Plasma transport
— Carbon migration is always a
— L-vs. H-mode 3-D process !
— Interpretation & Modgliige
Energy transport
— Divertor power asymmeiges
— Radial profiles of targe{PeMEINIuKX
— Interpretation & Modelling
Conclusions
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Motivation: ITER

Issues Physics
L-H & llI-I transitions H-mode (ETB) barrier
Magnitude of SOL flows: Mass & Momentum transport
Tritium co-deposition Classical drifts,
Helium ash removal Mechanisms of D, v, N (6)

Carbon migration

Power exhaust: Energy transport
L- & H-mode (inter-ELM & ELM) Poloidal: Classical drifts
divertor tile power loading Radial: Mechanisms of X (6)
In-out asymmetries Classical vs. Turbulent

lon Orbit Loss

Improve theoretical understanding
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Experiments

Rev-B (Bx[B1t) campaign:
attempt to match fwd-B plasmas
MkIIGB SRP divertor

Principal diagnostic data used in this talk
Divertor spectroscopy Reciprocating Mach

Many pulses in DOC-L, SNL

Both B, and |, reversed, so helicity
constant

Key observables:
SOL flows & fluctuations
Divertor asymmetries
Impurity migration

D., Clll probes

a I hr,-‘uuRFA
/
'r I!' 5
Typical i
/| EDGE2D

IR target views
Divertor tile

thermcouples

+

Langmuir
probes
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Mass & Momentum Sources
and sinks

Transport

» Observation of large || SOL flows
In nearly all tokamaks

 Not fully understood at present

» Complex interplay between three
directions (|[,J,0J)

 Phirsch-Schluter flows

* lonization driven flows

» Classical drifts play a major role
» Overviews
» Chankin: PS12,14,EFPW2003
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Parallel SOL flow near top of vessel

8x10"°m3, 2.0 MA, 2.0-1.5T, only n, scan, 1.7-3.2 x 10" m32.0 MA, 2.4T
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O JG04 61-23¢

"AIP H31NO'

Bx[IB| strong parallel flow towards inner divertor at RCP
Bx[Bt flow stagnates at RCP
Near separatrix M, ~average M, ~0.2-0.3
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SOL flow confirmed by RFA T, data

| | | Q+L-mode
Retarding Field Analyser (RFA) ol TiEeV) v o Forward B
jsat @nd T; on both sides of probe | ; vV ¥ T ion-side _
Jsa Fatio gives M, (previous slide) ol - i ! _ i T; electron-side _
T, ratio consistent with M, § ¥
201 - |
BXOB1 & T iside ! Tiesige > 1 h " i !
ol (eV)..". ~ Reversed B._ _
BXOB1 & T isige / Tiesige =1 o YoV ° fg <20x10"m
’;‘ ¢ Ny >2.0x10"m
_ 60+ V '
lons depleted on downstream side
in ~ agreement with theory ®f
20~ .k '. .
0 (I) 60

Separatrlx dlstance at mldplane (mm)
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Target T, n, profiles in matched L-modes

Inner Target
Forward B #50414, L-

100 ———— 2

ode, t = 55.5-59.5s
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: ; e ol ng (M™)
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Reversed B #59589, L-mode, t = 54.0-60.0 s

::a%- % s :
1 p —_ . . 101? @;ﬁ%_ B F o ‘ 5 s
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Separatrix distance at midplane (mm)

Outer Target
Forward B #50414, L-mode, t = 55.5-59.5s
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Reversed B #59589, L-mode, t = 54.0-60.0 s
e e e e e e : — N
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s
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17 ® gD
1 a o
20 10 0 10 20 30 20 10 0 10 20 30
Separatrix distance at midplane (mm)
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D, and C! out-in asymmetries
Large database of shots with a range of B, I, P, ne

1.6 - - - - 12 : :
Bx[IB Bx[IB FWD B, Lmode
1.4 HBY J B % FWD B, Hmode
@ Z 10 REV B, Lmode
Yol @ = REV B, Hmode
z (! = T
8 1 @€ =
(g8 - C
T 08 O O s
L P‘- ~—
5 0.6 ‘;r_lf.. ¥ g
O L. W 4
O 0 % . 2
N 04 ' ® FWD B, Lmode 0
© FWD B, Hmode S 2
0.2 O v REV B, Lmode | e
v REV B, Hmode ="
=2 o 1 2 3 O ¥ 2 o 3 2 3
3 3
(B/|B|)PsoL/Ne (MWM?) (B/[B)Pso /N (MWM?)

BxOB! More D, and less C"in inner divertor, both Q,L & H
Bx[Bt Balanced D, and C'"in both Q,L & H
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Surface layers on outer target (IR data)
High AT, indicates poorly adhered target surface layers

#58850, #59752, L-mode
‘ e FWDB | Outer Target y [T

| — FwWDB |Pgiy (M
BxOB 1 t’\

4ﬁ _'

Tourf (°C) - OUTER

200r

—_

o

o
T

Touter/Pin (CCMW)
T 3
§ Z
S w
"
Lo

50 @ Bx[IB ® —//,,/
e
: :' 15 20 25 30
y! l : l S S Time (s)
55000 56000 57000 58000 59000 60000 61000
Pulse Number Andrew P2-58

Bx[B! Surface layers only on inner target
Bx[Bt Layers grow on outer target, still present on inner target
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Modelling with 2-D fluid codes + drifts
03] | | ' ' | f :]A_
EDGE2D/NIMBUS with - %
* Classical drifts in core and SOL 0.1 . o
 Radial profiles DO, xO to best B e Fpaa b LT = . o
match target probe § AL ,3 ] EI
« Gas puff from top of torus (as in Z 02 2 1= B 4 3
: i = | i ' ' v
experiment) S 03 . 5 8 5 I
Bx[B! ="03f , @ @ = ;
. . 2 ! B 1) S D ol =
Stagnation point on LFS ® °lW ! 'S '3 il S
B i 1D e = m
M, < 0.1 over most of the SOL, T L ittt L 1 ] E'j B¥
from IMP to OMP i § : A e
0.18 s 4:/?: ~ 1 SI
. ey = “"“ 3
Stagnation point near top e i o '
M, > 0.1 over most of the SOL 9 1 & &  #* = B ¥ B
) Poloidal distance (m
from IMP to OMP T (m) T
INNER OUTER
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Radial variation of Mach number at RCP

0.04}
Right trends in profile shape and
density variation, but g G2
magnitude too low by 5-10x ?! € ¥ ERAL S
g ol ~#- REVB: 1.5x10°"s"
c -A- REVB: 4.0x10°"s"
Poloidal/Radial drifts giveriseto g
areturn || SOL flow, in the = 2y
opposite direction to ExB 2
g -0.04+
- . . . - D-
O Drift + ionisation driven flows
can account for part of C |
migration
Chankin, EFPW-2003 Qe

Inner div.

Outer div.

<

-1‘0 6 1‘0 2‘0 3‘0
R-R...(mm-omp)

sep
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Other SOL flow modelling approaches

-A- FWDB: 2.0x10%'s '+C-source

Active area of research !! 04| W R AT Ceren |

& REVB: Transp. pinch+ballooning

Kirnev, Strachan, Huber, Coster, Matthews... 93 &

1) Effect of carbon plume on probe
M, measurement

2) External momentum source

3) Poloidal variation of DL, x[
Radial pinch

HFS - LFS for fwd-B

HFS — LFS for rev-B

Bx[IB{ -

umber

(@)

rallel Ma
O

a
o ‘
2 §

NO drlfts 0.05- M ............... "A/
\E-—-dl
B e | _ |
Increase in flow magnitude 00 10 20 30 40
R - Rgep (MM - 0mp)
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Energy Transport Sources
and sinks

» Sources and Sinks

* Power deposited in core

» Exhaust via SOL to div./wall
» Most energy flows out on LFS

e Large surface area ~ R

» Shafranov shift

e LFS bad curvature,

* higher level of fluctuations
and MHD turbulence
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Matched L-mode power scans: 2-D radiation
Forward B  #sseso, ssess

4

BF7 58850 23.000000 MW 2 BP7 58850 27.000000 MWm ™ — FWD B 1
*® — REVB
£3.0 3.5
125
" 2.0
E 3
™~ 1.6
1.0
05 2.5
Z‘..é 26 F!..S 3.0 32 24 2‘.8 ?..B 30 3z 24 28 2‘.B 30 32 2
R (m R{mj A {m}
t=19s t=23s t=27s Ng (10" m?)
Tebf——t— f
Reversed B |
BP7 59557 19.000000 _l\'_'l\".flr!-s BP7 59557 23.000000 3&"|W'm-5 BP7 53557 27.000000 T_m-n 8
” ; P (MW) |
lao
l-:?.E 6
| 5 ‘
- 20
P - 4 |
10 3
00 1 L K
2‘.‘1 2‘.8 2.8 3‘.0 3z 24 2‘.6 2‘.3 30 3z 24 26 28 3‘.0 3z
R (m} A (m} A (m) 0
t=193 t=23s t=27s 15 20 25 30

Example: NBI L-mode, |, =2.0 MA,B =2.4T Huber P3-22
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P, outer/P . n"er modified by Bx[B direction

. 20 - m EBxvBl
| 2 ° =
:I\;‘ ] O ® ®
BxvB 1
. —_ _ 1.0
:L I:)target o I:)div I:)rad P, B P g 0T
: Illll : 4 \ 6 .. Y= Pdivra leT
L“—fi__,,!! ] L.'...-.F.ijw .;Q.r.| Huber P3-22 . i ¢ BxB1
: .. i " ° = e
JT-60U: P, balanced and insensitive to Bx[IB 04 | BB =
caused by radiation asymmetries 0.2 _
= ® Pradouterlpradlnner BxvB T
11 |
_ _ _ 0.9 g W
On JET, this only the case at high density/low power o.7 —— =
0.5
2'2 P outer/p_inner o —FEDGED
P, Cuter/P. imner increases with Pgg, | AT a mBxvB
Effect of Bx[B increases with Py, 3.0 r EDGE2D  BxvE 1
e, o & — @

. . 0.0 1.0 2.0 3.0 4.0 5.0 6.0
What is happening ?! PsoL (MW)
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Classical drifts in Odir. with Bx[B | vs. 1

Fluid drift velocity:
Vo = V)b + VE + bx(Upy,— R)/m;n,Q,
+ {(Vt||02 - VtD02 + V||02)/Q0}b xb b

ExB poloidal

VE ~ Exb/B, b =B/B, Q,=¢e,B/m,, v, = (T,/mj¥?

Energy flux due to drifts:
O, = 2.5p <vec>. — [0x(2.5p, T b/e B)
= 2.5p,V, + 2.5p,V, P oxUT /T,

Radial E-field in SOL = E_ 4, ~ 30T,

Relative strength of drifts increases with power

o= /dgi ~ 3 Pos/A e
i '/dg ~ % Pas/A1i

24.05.04 W. Fundamenski, R.Pitts et al., PSI16, Portland, Maine, USA 17
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Matched pairs of ZZ-SSwept shots

26 —¢-
20 (1) 4 BxOBl
o i 22 - i,
Variation in B, | and P, ~ - _ &
g 2 e Bx[B1
Lﬁ 1.8 [ twas +
Average asymmetry ~ 2.2 1.6 _|ArevB @ +
14 & ave | |
E.uer / Einnes @and AE / S E 0 > 10 1o
increase with Pg, . 014 o fwdB
EI-J%\ 0.12 1 Arev-B
W 0.1
Larger effect in L-mode, u\<J] 0.08 1
unless use Py, - P, 006 - @
ULJQ 0.04 -
“<J| 0.02
Fundamenski P3-15 T | | |
0 2 4 6 8

PsoL - PLu (MW)
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Radial profiles insensitive to Bx[IB dir.

15 |
Peak heat flux for both fwd-B and rev-B :reV:Ef’“ter
points, agree well with fwd-B scaling o fw d.B outer
for outer target, o fwd-B inner
10 -

)\q ] A(Z)B(p—lq950.6pt—o.4ne’uo.25

This scaling best matched by (neo)-
classical ion conduction

Fundamenski, NF (2004)

(6]
\

Qpeak °"*® (fit all fwd-B) [MW/m2]

o

0 qgF /0gi ~ Pes/A e ~ Ti,t1/2 Peo, 12 Ng 02

o

5 10

outer
TC) [MW/m2
The B dependence cancels ! Apeak (TO)1 !

15
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lon orbit loss (IOL) modelling with ASCOT

101

ASCOT is a guiding centre 2 _
Monte-Carlo code

All collisions and drifts

Launch particles in ETB,  °1
follow until hit targets

1,5+

0,5 1

With Bx[JB1 more ion orbits 070_-
strike inner target

-0,5 4

With Bx[JB1 most ion orbits
strike outer target 1.0~

1,54

IOL is partly consistent with _ _
fwd-B data, for fairly large -
E, 5o Values > 30 kV/m

24.05.04 W. Fundamenski, R.Pitts et al., PSI16, Portland, Maine, USA 20



EUROPEAN FUSION DEVELOPMENT AGREEMENT {H
ger E
MW

|OL target power profiles from ASCOT

JET 2.4 MA/2.5T, 12MW NBI,
15mm T-pedestal with T, = 0.41 keV, T4 = 1 keV

Inner target 1 Outer target

#50401 SOL o- #50401 SOL T

£ —=2 e £ 4 BB

; | I:‘: Solid Ilnes B_x gradB(ro:lft down || ;

z 1 ' Dashed lines: B x grad B drift up Z 3 | B x D B T
g g 2 -
o > 1. '
10 5 0 5 10 15 20 -10 -5 0 5 10 15 20
Outer midplane R - R, [mm] Outer midplane R - R, [mm]

Both inner and outer target power profiles, strongly affected by Bx[IB dir

Not consistent with experiment = IOL not dominant in the SOL
Fundamenski P3-15
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Global power balance

Large database of shots with a range of B, I, P, n_ (110 shots)

: 100 : -
Deposited power based on ® FWD B, Lmode
divertor tile thermocouples O FWD B, Hmode
¥ REV B, Lmode
80 ¥ REV B, Hmode

Generally good energy
accounting in both fwd-B and
rev-B

+ Enner (MJ)
=

Exception: rev-B, 1.2 T with 401
strong LFS wall interaction — ——x |
(prompt NBI CX losses) =
O 20
LL
E' i i i i
0 20 40 60 80 100

Eheat - Erad (MJ)
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Deposited power asymmetries

Large database of shots with a range of B, I, P, n, (110 shots)

Deposited power asymmetry based
on vertical tiles only

Average asymmetry ~ 2.2

Effect of Bx[1B grows with power,
as expected for classical drifts

Effect stronger in L-mode (ELMs vs.
inter-ELM)

FWD B: Lmode
FWD B: Hmode
REV B: Lmode
REV B: Hmode
40 60 80
Eheat - Erad (MJ)

100

24.05.04

W. Fundamenski, R.Pitts et al., PSI16, Portland, Maine, USA 23



EUROPEAN FUSION DEVELOPMENT AGREEMENT {H\
oer &
Y4

Power asymmetry scaling consistent with
classical drift effects

BxIBl  Bx[LIBt

Linear scaling with power / density 3
Weak, if any, B scaling

Consistent with predictions based
on classical drifts and measured
SOL width scaling,

Elqy — T 12 12 »  -02
O dg= /g~ T, Pgo % N,

Strong evidence for drift effects
In JET power exhaust

If 7 0 2 4
(B/|B[)<Pgo >/<n,> (MWmM?®)
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Modelling with 2-D fluid codes

EDGE2D/NIMBUS with
D0, x(8) larger on LFS, and

0.6

1) Classical drifts in SOL 055

No pinch velocity 0.5

2) No c!rlfts. | 0.45
Radial pinch velocity ~ 10 m/s ||.|/J\l
HFS - LFS for fwd-B ~

W 0.35 -

HFS — LFS for rev-B <

0.3

0.25

Two approaches give similar results 0.2

Fair agreement with experiment 0.15

Effect of Carbon (radiation, transport)

Bx[B! Bx[B1
7 A
® O
A A AA A
| o
| o
X
AO®
| |o driftD Q%AA - A
@ drift D+C i EQ
| |apinchD ) ‘ é
| | A pinch D+C 0O
m TCresults O
5 25 0 2.5

PsoLB/|B| (MW)
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Conclusions

Strong evidence for classical drift effect in SOL transport

— qualitatively explains SOL flows and C migration
» active area of research !

— quantitatively explains power asymmetries

— transport, rather than radiation, responsible

Radial energy transport insensitive to Bx[IB dir

— consistent with classical ion conduction: fits all JET data !!!
— ion orbit loss ruled out as dominant mechanism in inter-ELM
Stronger drift effects in L-mode and during ELMs

— under investigation

More in the following presentations
— Orals: Matthews R-1, Strachan O-2, Kirnev O-8
— Posters: Andrew P2-58, Fundamenski P3-15, Huber P3-22
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L-H and lll-I transitions
| e Forward B, e zoocf 8 Tj{pedestal) |
. 0 Reversed BLI1 ’ =2} = Tg (pedestal) |
. = | :
= s 2 Reversed B, | Forward B
= | oo @ 1500+ I
= L ’ 5 I
T | "on #T ™ !
< _| & - |
E E_ % pad %mu-:-— ;
= L ‘_H’ = o : :
z | 4 = g : L1
R & 500 §
I o T : =
- gt i Qo % % i i
L : I -
ke’ oo B oen Weon gt o pofd | I ! i I ! ! g
0 4 8 12 4 - -2 -1 0 T Z & 4
Pinresh = 0-042m, " B0 790 %% (Mw) B, (T)
» L-H power threshold independent of Bx[IB direction (i vs. 1)
* llI-1 power threshold ~2x higher with Bx[1B1
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ELM D euter/D "ner in matched Type-l H-modes

#55935, #59628 Coherent averages, 21-225s
12 . : : .
D I : — Quter Div.

BXDBl ELM D mUCh ° 'ﬁel “01‘ I | I I - :"k‘ - =+ Inner Div.
“ = | . w\  FwDB
A {1~ #55035

larger at inner target i . f— |
g g 10 PNB' MW)_ ": : \‘ fELM ~ 30 Hz
| Piemn I o S
Bx[IBt ELM D, balanced 1.2 M _
Consistent with in-out 15 (10%phsem?sr’)  OuterD = ,..>=/} ,
density asymmetry and ik, 125D =T |
with SOL flow direction 1° :MMWW 2| -+ REVB
| I | #59628
y : : . 1.5

6 OuterD

IR analysis complicated ; Il | i M |4l

by presence of surface N
layers |

4—200 s

1000 2000 3000
Time (<s)

28

—_
o
o+
o
o | Y

Time (s)
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SOL flow confirmed by TTP vq4 data

#56893,t =60 s, Forward B

Turbulent Transport Probe (TTP) =
. 5r
measures j.,, , T, and vy g
4_
. . . >
Jsat FALIO gives M, *§ J
T, glves c, T 5
vy poloidal phase vel. of fluctuations 8 1 - B8 - o
0 A . .
-g ’W oy f’f{,{"‘ ~.p{§}g,""&~§:&~$‘” ¥
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Deposited power profiles for matched pairs

B)(DB l @ j _—
] 50415i
Thermocouple method of s, —sos8s0
. . = ) —— 59589
reconstructing power profiles Bx[IB1 *

14
12
10

—— 503970
— 50397
—— 536310
—— 5B

Larger effect on inner than outer
profiles, consistent with
Langmuir probes

q_tamet (MW/m2)
o

3J M OB oM

Parametrise in terms of peak heat e —
flux and power widtrh 5 -
To assess effect of Bx[UB must plot ﬁ; R
both vs. fwd-B scaling (next £ =
Sl|de) g 5 — meeri

o
(]
o
o
o
o

z {eml
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-EFD ﬁ EUROPEAN FUSION DEVELOPMENT AGRE

EMENT E
JET N/

0.2 m2/s (flux space), 4 MW, 2e19 m-3, D+C, SOL +core drifts

Power Densty along Inner target
III|IIII|IIIIIIII|II
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I Thu 2pr 22 12101131 2004
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Power Density along outer target
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24.05.04

W. Fundamenski, R.Pitts et al., PSI16, Portland, Maine, USA

31




EUROPEAN FUSION DEVELOPMENT AGREEMENT "/H\
v
Y4

Classical drifts in Odir. with Bx[B | vs. 1

Guiding centre picture:
<VOe> = <V, 9> b + VE

+ (v, 2Q ){bx0OB/B + b(bMIxb)}
+ {(Vy o2 + Vv eD/Q b xb b

Fluid picture:
Vo = V)b + VE + bx(Upg,—R)/mn,Q,
+ {(Vt”Oz - VtDGZ + V”O-Z)/Qc}b xb b

VE ~ (1+0.25p 22)Exb/B ~ Exh/B
b =B/B, Q,=e,B/m, v, = (T,/m,)*

Energy flux due to drifts:
O, = 2.5p,<vo>, — [x(2.5p,T b/e;B)
= 2.5p,V, + 2.5p,V, P 0xUT /T,
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-EFD ﬁ EUROPEAN FUSION DEVELOPMENT AGREEMENT

E

|V
Relative strength of drift terms
Radial E-field in SOL due to O_T, Ey~ 30T,
Poloidal component of heat flux Goo = (Bo/B)dq
Ao ~ Pobyi/Tjo
Ui~ Li/Cs e = Lyl X e
The ratio of poloidal components:
P P EB o= /dgi ~ 3PosA e
qeeE/Ge - V*epes/)\Te
diamagnetic (conductive) Us"T/0g ~ % PeAr,
qeeDT/qee - V*epes/)\Te
with fwd-B power width scaling Qo™ /G ~ Ggi ' /Qgi ~
Ag O A(Z)B,10gs0 6P, 04n,, 025 Tii% PsoLY? e ;02
24.05.04 W. Fundamenski, R.Pitts et al., PSI16, Portland, Maine, USA 33



EUROPEAN FUSION DEVELOPMENT AGREEMENT {H
ger E
MW

Other SOL flow modelling approaches

Active area of research !!!

See Kirnev, Strachan, Huber,
Coster, Matthews, Chankin

1) Effect of carbon plume on probe
M, measurement

2) External momentum source
3) Poloidal variation of DL, x[
Radial pinch
HFS - LFS for fwd-B
HFS — LFS for rev-B

No drifts
Better match to experiment
Physical basis? Not polarization.
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